ABSTRACT. The social-ecological systems framework (SESF) is arguably the most comprehensive conceptual framework for diagnosing interactions and outcomes in social-ecological systems (SES). This article systematically reviews the literature applying and developing the SESF and discusses methodological challenges for its continued use and development. Six types of research approaches using the SESF are identified, as well as the context of application, types of data used, and commonly associated concepts. The frequency of how each second-tier variable is used across articles is analyzed. A summary list of indicators used to measure each second-tier variable is provided. Articles suggesting modifications to the framework are summarized and linked to the specific variables. The discussion reflects on the results and focuses on methodological challenges for applying the framework. First, how the SESF is historically related to commons and collective action research. This affects its continued development in relation to inclusion criteria for variable modification and discourse in the literature. The framework may evolve into separate modified versions for specific resource use sectors (e.g., forestry, fisheries, food production, etc.), and a general framework would aggregate the generalizable commonalities between them. Methodological challenges for applying the SESF are discussed related to research design, transparency, and cross-case comparison. These are referred to as "methodological gaps" that allow the framework to be malleable to context but create transparency, comparability, and data abstraction issues. These include the variable-definition gap, variable-indicator gap, the indicator-measurement gap, and the data transformation gap. A benefit of the framework has been its ability to be malleable and multipurpose, bringing a welcomed pluralism of methods, data, and associated concepts. However, pluralism creates challenges for synthesis, data comparison, and mutually agreed-upon methods for modifications. Databases are a promising direction forward to help solve this problem. In conclusion, future research is discussed by reflecting on the different ways the SESF may continue to be a useful tool through (1) being a general but adaptable framework, (2) enabling comparison, and (3) as a diagnostic tool for theory building.
INTRODUCTION
The social-ecological systems framework (SESF) (Ostrom 2007 , 2009 , Poteete et al. 2010 ) is a conceptual framework providing a list of variables that may be interacting and affecting outcomes in social-ecological systems (SES). The evolution of the framework is supported by a long history of empirical research on the commons, institutions, and collective action (e.g., Ostrom 1990 , Agrawal 2001 , Meinzen-Dick et al. 2002 , Anderies et al. 2004 , Wollenberg et al. 2007 , Poteete et al. 2010 . However, the SESF is now viewed less as a theoretical framework to advance collective action theory and more as a general tool to diagnose the sustainability of social-ecological systems (Ostrom 2009 ). This transition has brought wider engagement over the last 10 years, and the framework's core literature (i.e., Ostrom 2007 , 2009 , Poteete et al. 2010 , McGinnis and Ostrom 2014 ) has now been cited in combination more than 7,700 times (Google Scholar, as of November 2018). However, critical methodological questions remain regarding how the framework can be applied empirically, operationalized in new contexts, and continue to evolve (Hinkel et al. 2015 , Leslie et al. 2015 , Partelow et al. 2018b ).
This article reviews the SESF literature to help examine how and where it has been applied and discusses methodological challenges for applying the framework to guide those interested in critical discussion about future research. First, by reviewing the trends in the peer-reviewed literature and, second, by providing an extensive discussion of different methods and methodological considerations for applying the framework. This article builds on previous reviews by McGinnis and Ostrom (2014) , who provide substantial contributions to the framework's conceptual development, and by Thiel et al. (2015) who review 20 articles using the framework for empirical research. This article continues and considerably expands on these two efforts by examining more than 90 articles that engage with the SESF either conceptually, empirically, and/ or for metaanalysis. In the discussion, I critically reflect on how the SESF is inherently related to commons and collective action research, and how this warrants reflection on potential inclusion criteria for variable modification, and ultimately, the framework's continued development. Numerous methodological challenges are discussed for applying the framework for future research. This review and discussion are guided by the following research questions:
Ecology and Society 23(4): 36 https://www.ecologyandsociety.org/vol23/iss4/art36/ by her book Governing the Commons (1990) , Ostrom and many colleagues began accumulating empirical evidence on the variables and types of institutional arrangements that were most likely to enable actors to work together and solve social dilemmas in systems with common-pool resources (CPR) and public goods (Olson 1965 , Ostrom et al. 1994 , Schlager 2004 . Her work directly challenged Garrett Hardin's conclusions in the Tragedy of the Commons (Hardin 1968) , showing that resource users are not helpless in their ability to solve social dilemmas, which are exacerbated by the rivalry and excludability characteristics of CPRs, but they can actually develop self-organized institutions to govern the commons without the need for privatizing common property or imposing state regulation.
Based on the early work of many commons scholars, an empirically supported list of variables began to emerge showing the multitude of influences that affect the development of governance institutions (Agrawal 2003 , Anderies et al. 2004 , Ostrom 2005 . These variables became a comprehensive list of social and ecological variables influencing cooperation and selforganized governance under a theory of collective action (Olson 1965 , Ostrom 1990 , Poteete et al. 2010 . Collective action theory in the commons literature explores a central hypothesis that actors can cooperate and self-organize the development of institutions for natural resource governance. However, the success of this cooperation is likely to vary under different social and ecological conditions. It became evident that the development of successful institutional arrangements for governance was in part dependent on understanding complex and interdependent linkages between these social and ecological variables. It soon became difficult to develop a strong set of theoretical claims that any group of variables will influence sustainability outcomes in predictable and generalizable ways across diverse cases. Instead, a proclaimed "nontheoretical" list of variables was conceptualized as a diagnostic checklist, a list of potentially influential variables that can be used to guide the diagnosis of key variables and interactions influencing outcomes; although the framework is not theory neutral, it is inherently rooted in collective action theory. This shift toward a diagnostic approach has been described metaphorically as similar to medical practitioners who diagnose patients with a standardized checklist of key components and interactions in the human body to find the appropriate treatments and to allow easy comparability between patients (McGinnis and Ostrom 2014). The concept of diagnosis can be applied to environmental problems if a list of key variables and interactive processes can be identified, i.e., variables that are common across a wide variety of systems for examination. The SESF proposes a list of generalizable variables that can be used as a diagnostic tool to help solve challenges with the governance of environmental problems (Ostrom 2007 (Ostrom , 2009 ). However, the challenge with a diagnostic checklist that is proclaimed to not be explicitly linked to collective action theory, despite its clear history and evident theoretical construction under collective action theory (Ostrom 1990 , Ostrom et al. 1994 , Poteete et al. 2010 , is what the theoretical inclusion criteria for new variables will be for modifying the framework.
The SESF is structured into tiers of nested and related concepts and variables (Fig. 1) . The first tiers include the Resource System (RS), Resource Units (RU), Governance System (Gov), Actors (A), Social, Economic and Political Settings (S), Interactions (I), External Ecosystems (Eco), and Outcomes (O). Second-tier variables are nested within each first-tier variable (Table 1) . Beyond its visible structure, the framework emerges from the convergence of political theory and institutional economics (North 1990 , Ostrom 1990 , Coase 1998 , Klein 1999 . The epistemology of the framework (e.g., what is worth knowing about reality from the use of the framework) places an institutional and anthropocentric lens on the analysis of natural resource use in the commons through suggesting the need to understand how and why cooperation (via collective action and institutions) influences governance arrangements and their ability to achieve sustainable outcomes. However, it is evident that the framework is useful beyond the scope of commons and collective action research, as it has been proposed as a general tool to diagnose the sustainability of SES more generally (Ostrom 2009) and to develop new theories in SES (Cox et al. 2016) . 
Social-ecological systems and sustainability
The SES concept has evolved into a mainstreamed field of research focused on the interdependent linkages between social and environmental change, and how those interdependent linkages influence the achievement of sustainability goals across different systems, levels, and scales (Berkes and Folke 1998 , Liu et al. 2007 , Fischer et al. 2015 . Social-ecological systems research is focused on understanding many dimensions of system functioning, making it an interdisciplinary field, but also on the development and implementation of normative societal goals, such as those related to sustainability (Gibson 2006 , Raworth 2012 , Abson et al. 2014 . What SES scholars would ultimately like to know is how SES can be sustainable for different people and places around the world. However, with these broad and often ambiguous goals, SES scholarship has become diverse and pluralistic (Miller et al. 2008 , Binder et al. 2013 , Partelow and Winkler 2016 . It associates with many different concepts, theories, and methods under two broad conceptual pillars: (1) understanding SES functioning and (2) understanding all aspects related to the development, implementation, and transformation toward normative sustainability goals. A large majority of SES research attempts, in some way, to link these two core pillars, including the SESF. The SESF provides one of many conceptual frameworks attempting to do this, arguably the most comprehensive framework, but many others exist (Binder et al. 2013, Partelow and Winkler 2016) .
METHODS
A systematic review of peer-reviewed literature was conducted from the scholarly databases Scopus and Web of Science. Searches were conducted on both databases (as of January 2018) to find literature directly engaged with the SESF in any context or type of research. Search strings were guided by an extensive list of search terms related to "social-ecological system," "framework," and/ or "Ostrom," resulting in more than 120 articles from both databases. This list was refined manually by reading abstracts, and the full text if necessary, to check for applicability to the scope. Ninety-two articles were included for final review. Each article was read, evaluated, and coded with standardized criteria by two coders, first a research assistant and then the author. Consensus coding was reached on the following categories for each article: source, year of publication, type of research, contextual focus, major discussion points, type of data, type of analysis, variables used, indicators used, and suggested variable modifications.
RESULTS

Trends and gaps in the social-ecological systems framework literature
The SESF is extensively cited and associated with other concepts in the broader SES discourse, including other theories, concepts, and frameworks (Binder et al. 2013 , Cox et al. 2016 . The most common associations are with ecosystem services (Daily 1997, Partelow and Winkler 2016) , resilience (Berkes and Folke 1998) , and a variety of other environmental governance theories (Folke et al. 2005 , Cox et al. 2016 , including multilevel governance, polycentric governance, and adaptive comanagement. The crosspollination of literature with broader SES research has created a plurality of nested conceptual approaches regarding the contexts in which the framework is applied and the methodologies for its application ( Table 2 ).
The SESF has been applied to a wide variety of empirical contexts ( Table 2) . Much of the literature remains focused on commons scholarship, with a large focus on community-based systems such as irrigation systems (Meinzen-Dick 2007 , Cox 2014a , Hoogesteger 2015 , McCord et al. 2016 , small-scale fisheries (Basurto et al. 2013 , Leslie et al. 2015 , Lozano and Heinen 2015 Ban et al. 2015 , Hoogesteger 2015 , Lozano and Heinen 2015 , Naiga et al. 2015 , Oberlack et al. 2015 , London et al. 2017 Mixed Ernst et al. 2013 , Cox 2014a , Guevara et al. 2016 Temporal analysis Epstein et al. 2014a , Ban et al. 2015 Empirical analysis on specific or select variables Experimental Aswani et al. 2013 , Falk et al. 2016 General development of the framework Multidimensionality of first-tier variables McGinnis and Ostrom 2014 Application through mixed methods and disciplinary approaches Poteete et al. 2010 Specifically adding and/or modifying variables. Ontological consistency. Epstein et al. 2013 , McGinnis and Ostrom 2014 , Frey and Cox 2015 , Thiel et al. 2015 , Vogt et al. 2015 Sector specific Small-scale fisheries (general) Gutiérrez et al. 2011 , Cinner et al. 2012 , Schlüter and Madrigal 2012 , Delgado-Serrano and Andres Ramos 2015 , Lozano and Heinen 2015 , Partelow 2015 , Guevara et al. 2016 , Rahimi et al. 2016 Sector Partelow 2015, Partelow and Boda 2015 , Guevara et al. 2016 , Oviedo and Bursztyn 2016 , Blythe et al. 2017 , London et al. 2017 , Nakandakari et al. 2017 , Partelow et al. 2018a ) and forestry (Fleischman et al. 2010 , Oberlack et al. 2015 , Davenport et al. 2016 . However, use of the framework has expanded beyond those resource-use sectors to general food production systems (Marshall 2015) , aquaculture systems (Partelow et al. 2018b) , terrestrial conservation and rangeland management (Falk et al. 2012 , Risvoll et al. 2014 , Baur and Binder 2015 , Addison and Greiner 2016 , Taggart-Hodge and Schoon 2016 , Yandle et al. 2016 , Guariguata et al. 2017 , watershed management (Madrigal et al. 2011 , Bal et al. 2011 , Nagendra and Ostrom 2014 , Villamayor-Tomas et al. 2014 , Bennett and Gosnell 2015 , Naiga et al. 2015 , Silva et al. 2015 , Falk et al. 2016 , Hileman et al. 2016 , marine conservation and marine ecosystem management (Cinner et al. 2012 , Schlüter et al. 2013 , Stevenson and Tissot 2014 , Ban et al. 2015 , 2017 , Williams and Tai 2016 , coastal development (Kanwar et al. 2016 , Schlüter et al. 2019 , energy systems (Ye 2014 , Bauwens et al. 2016 , and pollution management (Amblard 2012 , Epstein et al. 2014b ).
Substantial portions of the SESF literature are focused on smallscale CPR systems, dominated by fisheries and marine and coastal systems (Table 3) . Still, many articles focus on forestry and irrigation systems, following the history of commons scholarship (Meinzen-Dick et al. 2002 , Wollenberg et al. 2007 ). Single case study research is the most common type of analysis, followed by a considerable number of papers focused on the framework's continued development, either conceptually, methodologically, or for building theory. However, a large majority of research with the SESF relies on secondary data or a mix of primary and secondary data.
The most recent version of the SESF from McGinnis and Ostrom (2014) contains 56 second-tier variables (Table 1) ; however, not all variables are equally focused on or analyzed in the literature. Figure  2 compares the frequency at which each second-tier variable is explicitly included as part of an analysis or application of the framework across the literature. Social system variables (i.e., Gov. and Actor tiers) are more frequently focused on compared with ecological system variables (i.e., RS and RU tiers). The remaining variables (i.e., S, I, O and ECO tiers) receive considerably less focus comparatively. When this is further divided into focus on different resource-use sectors, the trend remains the same; there is a general disproportionate focus on social system variables ( Table 4 ). The variety of indicators and/or definitions used for all second-tier variables, aggregated from the literature, are provided in Appendix 1.
Fig. 2.
The frequency of second-tier variables that have been focused on, either conceptually or empirically, across all relevant articles. Table 4 . First-tier variable frequency of all articles. "All" shows the sum of second-tier variables at the first tier from Fig. 2 . "All" includes all types of articles. The sum total of "All" is then subdivided by those articles that have an empirical focus in major sectors. The total number of articles with an empirical focus is shown, followed by the sum of empirical totals in each of the most relevant sectors. supports the identification of new and/or more refined variables at the second, third, and subsequent tiers. Many articles have since suggested modifications, i.e., the addition, subtraction, or modification of variables. Table 5 presents a synthesis of the literature that has suggested modifications. The degree of generalizability is different between articles, as many may only be relevant to specific contexts (e.g., fisheries or forestry). Furthermore, many articles do not make a distinction between what constitutes a new variable vs. an indicator for measuring a variable. There is a difference between developing indicators to measure second-tier variables vs. developing nested subconcepts of a variable at the third tier (see discussion on methodological gaps). Similarly, not all second-tier variables are defined in the same way across contexts, and often definitions are not explicitly stated. Some second-tier variables represent very broad concepts such as "Socioeconomic attributes (A2)," "Social performance measures (O1)," "Ecological performance measures (O2)," and "Equilibrium properties (RS6)." These variables have more suggested modifications to refine them at the third tier (see Table  5 and Appendix 1). Similarly, some variables combine multiple concepts such as "Norms (trust-reciprocity)/ social capital (A6)," "Knowledge of SES/ Mental models (A7)," "Leadership/ entrepreneurship (A5)," "History or past experiences (A3)," "Monitoring and sanctioning (GS8)," and "Spatial and temporal distribution (RU7)." These variables have also received multiple suggested modifications.
Types of research applying the social-ecological systems framework
The SESF can be used as a tool for different types of research. Table 6 provides an overview of six types of research in which the framework has been applied. These include (1) conducting a mixed-method diagnosis of a single case study, (2) conducting a qualitative diagnosis of a single case study, (3) conducting a quantitative diagnosis of a single case study, (4) conducting a metaanalysis of the literature, (5) comparative analysis diagnosing multiple case studies, or a large N comparative analysis (using either of the first three types), and (6) using the framework as a deliberation tool. The general purpose of each type of research, the benefits of using the SESF, potential challenges, and related literature are provided in Table 6 . A few articles have additionally explored modeling approaches linked to the categories in 
DISCUSSION
This discussion focuses on the current methodological challenges for applying the SESF and challenges for its continued modification by reflecting on the results above. Current trends in the literature help to spotlight many existing challenges, motivating numerous discussion points on how these trends stem from the framework's history, indicating the importance of considering how the framework is situated epistemologically. This discussion attempts to guide future research with the SESF by summarizing some of the methodological challenges (which are general in nature, but nonetheless important for applying the framework), and to signpost where to look in the literature for additional insights. To start, the results above are briefly discussed along with reflection into why certain trends may exist. This is followed by discussion of the challenges for modifying the framework. The remainder of the paper focuses on specific methodological gaps for applying the SESF and discusses whether the framework has made progress in helping achieve some of the goals it was claimed to be useful for (Ostrom 2007 (Ostrom , 2009 ). In the conclusion, future research trajectories are discussed.
Social-ecological systems framework research trends and methodological challenges
Social-ecological systems framework research remains largely focused on small-scale CPR systems and public goods, similar to the majority of research in commons scholarship (Meinzen-Dick et al. 2002 , Wollenberg et al. 2007 . Similarly, case studies remain focused on the "classic" CPR systems of fisheries, forestry, and irrigation systems. There is certainly room to expand the scope of where the SESF is applied beyond these classic commons and beyond small-scale systems. This review is not an overview of all commons scholarship, just those applying the SESF, but it nonetheless shows the tight link between the two and some current trends. It has long been assumed that knowledge generated on small-scale CPR systems is to a large extent generalizable. This claim can be further tested with more applications of the SESF to diverse cases. A few papers have recently begun to shift the focus to large-scale commons (Cox 2014b , Epstein et al. 2014a , Ban et al. 2015 , 2017 and hybrid or overlapping commons like coastal systems (Schlüter et al. 2019 ) and pond aquaculture (Partelow et al. 2018b ).
Perhaps the most interesting trend is the extensive use of secondary data. This may be occurring for numerous reasons.
Ecology and Society 23(4): 36 https://www.ecologyandsociety.org/vol23/iss4/art36/ Many authors are simply reanalyzing existing data, using the SESF as a conceptual tool to reframe, restructure, or integrate existing data for new analysis. This also suggests that many scholars are revisiting existing case studies to provide a new conceptual lens. The combination of primary and secondary data is common and is likely a result of the difficulties in collecting sufficient primary data on all the relevant second-tier variables in a case study. If scholars are returning to previous case studies, it is likely that previous data exist. However, very few studies are looking at temporal changes within cases, where there is room for future research. In addition, metaanalysis studies are using secondary data as well as many comparative analysis studies. Nonetheless it is evident that many scholars find it difficult to design empirical research approaches using the SESF from scratch. There are substantial methodological challenges with applying the SESF to a new case study, such as the meaning of a tiered framework, familiarity with collective action literature, understanding diagnostic methodologies, as well as analyzing nested social and ecological systems in an integrated way, as well as how outcome variables relate to other variables in the framework . These likely explain why relatively few articles use primary data. Primary empirical data collection guided by the SESF involves considerable methodological attention to detail, particularly for the design and implementation of empirical data collection. Familiarity with framework's history and multidisciplinary knowledge on the potential relevance of second-tier variables in a case study are critical. Studies that reanalyze existing data do not have this difficulty to the same extent with data collection, but have many substantial challenges with understanding the data collection methods of previous studies, data formatting, and analysis. A main challenge with secondary data is that it typically involves some sort of data coding procedure (Ratajczyk et al. 2016) . This might explain why the framework is a useful conceptual tool but is less applied empirically due to a lack of methodological knowledge or guidance on how to do so.
Modifying the social-ecological systems framework variables
Many have argued for the need to modify variables in the SESF, given new empirical analysis of more diverse cases. For example, numerous articles have suggested modifications to include more biophysical variables (e.g., Epstein et al. 2013 , Vogt et al. 2015 , suggesting a bias toward social system variables. This review confirms that this bias exists. This is most likely due to the development and almost exclusive use of the framework by social scientists. However, when suggesting modifications, a key question needs to be asked in relation to epistemological congruence (i.e., what theory is supporting the modification or inclusion of variables and does it align with how variables were included historically?). Below I discuss whether this is important or not. The framework does have a history that justified the inclusion of variables into a theoretical framework because they were shown to influence collective action. However, if variables are being modified for a reason other than their influence on collective action, there is a conflict with congruence in the framework's development. This is not inherently problematic; it seems likely that the SESF may take numerous developmental trajectories as it becomes useful for different purposes. However, difficulties and confusion in the literature may arise when explicit distinctions are not made between differing goals across the many papers that are applying the framework. For example, are variable modifications being suggested because they have been shown to influence collective action (i.e., building a theoretical framework of collective action for commons governance), or because they help better characterize a case study as a SES (i.e., building a theoretical/ conceptual framework of general SES)?
This issue arises due to a problem in the logic of how the SESF should continue developing (i.e., the organization and addition of variables) without explicit theoretical inclusion criteria for new variables (i.e., all studies should be grounded in collective action theory). It is clear that a large majority of research using the framework engages with collective action theories. However, it is also clear that many studies do not focus on collective action, and that knowledge on collective action theory is not necessary for the SESF to be a useful research tool in the general SES literature. Social-ecological systems framework literature suggests that the framework is useful for characterizing a system as a SES, and for diagnosing general challenges for sustainability. These applications have shown that an analysis with the SESF does not have to be related to the collective action theory roots of the framework. Nonetheless, there are also clear benefits of having a malleable framework, as envisioned by Ostrom. This makes it appealing to a broader research audience and can allow for the development of new theory using the framework's variables as the building blocks.
From the argument above, it becomes clear that the SESF does not provide a list of all relevant intrinsic variables and interactions in a social or ecological system (i.e., the SESF is not a comprehensive framework characterizing all identifiable variables and interactions in a SES). Certainly there would be more variables if there were no limitations for adding variables based on theoretical inclusion criteria. In contrast, from a social science perspective, it may be argued that all variables likely affect collective action processes in some way, or it would at least be difficult be parse out that a variable is not influential in an observational study (nearly all applications of the SESF), and that the argument for including new variables may be leveraged more on the degree of observable or explicit influence and the degree of empirical support across studies. However, it is also evident in the literature that many variable modifications are not being suggested with explicit justification as to the relevance of new or modified variables insofar as they may have a causal claim associated with them for how they affect collective action processes. Perhaps broader theoretical inclusion criteria, beyond collective action processes, could be related to a more general SES theory. Variables would then be included if causal interactive effects can be shown between new and existing variables that interdependently influence joint social-ecological outcomes more generally. This would broaden the theoretical scope of inclusion criteria, but would alter the historically consistent development of the framework thus far. This debate should find roots in future research.
This raises a second point. It is important to recognize how the framework's theoretical history has shaped its development (i.e., collective action, CPR theory, institutional analysis). This history has implications for how we view a SES with the framework and how we interpret the concept of sustainability. What is worth knowing about a SES, from an Ostromian perspective, is how Gutiérrez et al. 2011 , Cinner et al. 2012 , Oberlack et al. 2016 , Rahimi et al. 2016 , Ban et al. 2017 (6) As a deliberation tool Purpose: Transform SESF into a tool to facilitate deliberation or deliberative processes (+) Applied use of framework (+) Knowledge exchange within and between actor groups (-) Transformation of SESF to a contextually understandable form Partelow et al., in review different parts of the system influence cooperation and resourceuse behavior through the development of institutions for commons governance. Sustainability, from this perspective, is arguably the development and maintenance of contextually appropriate institutions that can enable actors to cooperate and use resources in a way that allows for the long-term and equitable availability of those common resources. Certainly the broader concept of sustainability is not limited to this view, but it must be recognized that this creates a refined and in some ways pathdependent discourse on sustainability.
It is worth reflecting on how the manifestation of Ostrom's commons research has evolved into the SESF, and how that has shaped broader SES discourse. This leads to a critical reflection on the discourse that the SESF has created with its terminology. "Resource systems" and "Resource units" are the terminology used for biophysical variables in the framework. Similarly, Ostrom (2007 Ostrom ( , 2009 ) use the term "Users," which was later changed to "Actors" in McGinnis and Ostrom (2014) to broaden the utilitarian scope of different people who influence collective action to those who do not directly utilize resources. Nonetheless, this terminology has created an anthropocentric discourse on how the SESF portrays the biophysical environment. Arguably the SESF in large part portrays the biophysical environment through a lens of economic and institutional utility. These are the most obvious examples at the first-tier level, but many other secondtier variables in the framework reflect a similar discursive lens, and it is worth acknowledging how this discourse shapes a certain social-ecological worldview.
In a separate but related terminological discussion, reference to and application of the SESF requires the use of certain practical terminology. The variables of the framework are referred to with a large variety of terms including: variables, tiers, components, processes, indicators, dimensions, concepts, interactions, elements, attributes, and system dynamics, among others. https://www.ecologyandsociety.org/vol23/iss4/art36/ Fig. 3 . Conceptualizing the potential evolution of the SESF. Application of the framework to case studies contributes new variables and data to specific resource-use sectors (e.g., small-scale fisheries, forestry, irrigation). Different sectors may evolve separate versions of the SESF. Commonalities between all sectors contribute to the development of the general framework. Theory building may follow a similar path. General theory building across sectors would be informed by cross-sectoral commonalities.
Although inconsistent terminology when referring to the firstand second-tier variables is not inherently problematic, it may create confusion or a lack of clarity in the literature and in the interpretation of findings, particularly confusion between variables and indicators. This may stem from the lack of clarity and clear definitions for many of the second-tier variables. Some are well-defined and nuanced whereas others represent broader concepts that often need further refinement or defining in the context. Not all of the second-tier variables are created equal in this way and may require modification as the framework evolves.
Many articles have suggested variable modifications (see Table 5 ). This is an inevitable progression as more empirical analysis emerges. However, reflection is warranted on whether suggested variable modifications are actually new variables (i.e., nested concepts meeting theoretical and ontological inclusion criteria) or are indicators for measuring a variable (i.e., empirically measurable phenomena). Also, what the level of generalizability of suggested modifications is in relation to other cases and sectors. It is evident that separate frameworks are likely to evolve for use in specific sectors because many relevant variables in specific sectors may not be generalizable (Fig. 3) e.g., (Basurto et al. 2013 , Marshall 2015 , Partelow and Boda 2015 . The role of some variables is likely to be unique to certain sectors. However, the relationship between potential specialized frameworks for specific sectors and a general framework cannot be made a priori. This will depend on the degree of empirical support for the specialized framework and the ability to compare data across cases with a sector, and then between sectors (Fig. 3) , in coherent and methodologically rigorous ways.
As discussed above, one of the methodological difficulties is that there are no rules or guidelines for variable modifications. Frey and Cox (2015) suggest the use of a consistent ontological logic for adding new variables (i.e., structurally consistent rules for organizing variable relationships between and within tiers), such as having at least a pair of nested subconcepts that are nested under the parent variable. Having an ontological logic would certainly create consistency, but it does not address the theoretical inclusion criteria problem. Second, it is important to recognize that indicators used to measure second-tier variables are not necessarily nested subconcepts that warrant inclusion into the framework. Many articles do not make this distinction. For example, Partelow and Boda (2015) suggest a substantially modified framework that is specific to lobster fisheries but they do not make a clear distinction between what modifications are nested subconcepts of potentially new variables, and which are indicators for simply measuring the parent variable. They also do not follow a clear ontological logic. The review in this article supports conclusions from Thiel et al. (2015) that most applications and modifications to the framework remain unstructured in similar ways and are largely scattered in their attempt to jointly improve the framework with cohesive rules or inclusion criteria for new or modified variables. Future research and discussion could focus on this issue.
For further guidance on logical criteria for expanding the SESF in a cohesive way, recommendations are provided by Frey and Cox (2015:14) as a starting point. These include developing tiers and variables with meaningful relationships, restrictions, or instances between classes (i.e., tiers or variables) and subclasses. In addition, guidelines for creating classes and subclasses with https://www.ecologyandsociety.org/vol23/iss4/art36/ meaningful relationships between them may include rules such as do not create singular subvariables, too many subvariables, and creating similar or reciprocal classes with related relationships to the parent variable. In reflecting on methodological challenges outlined above, four aspects are useful to consider when suggesting modifications to the framework in the future. (1) Is there a structural or ontological consistency when making modifications? (see Frey and Cox, 2014:14) . (2) What is the empirical evidence for any modifications (e.g., case studies or metaanalysis)? (3) What are the theoretical inclusion criteria? (4) To what degree of generalizability do the modifications apply: to all systems or only to a specific resource-use sector (e.g., fisheries, forestry)?
A final point on modifications is warranted on the "Interactions (I)" variables of the SESF and how they relate to the Institutional Analysis and Development (IAD) framework (Ostrom 2005 , McGinnis 2011 . It is unclear whether applications of the framework in the literature retain the original idea of the "action situation" when relating to the "Interactions (I)" variables, because most of the literature applying the SESF does not refer to the IAD framework or action situations. These variables arguably have the strongest theoretical link to institutional change and collective action theories. However, they are also some of the least focused on second-tier variables despite their central placement (Fig. 1 ). This may be related to a lack of knowledge about their theoretical origin as the framework has gained a wider audience.
Perhaps "interactions" could evolve into archetypes (e.g., Oberlack et al. 2016) , typologies (e.g., Alessa et al. 2009 ), or bundles of interacting second-tier variables (e.g., Partelow et al. 2018a ) from the other tiers. This could be viewed as a process of building a general theory of SES interactions similar to how property rights and biophysical traits are often interpreted as interacting bundles or commonly associated system characteristics with repeating patterns of variable interactions and outcomes. Emerging SES theory could be viewed in this way, by attempting to identify commonly associated and interacting variables in the SESF. For example, a social-ecological trap (Boonstra and De Boer 2014) may be a common archetype or bundle of interacting variables with certain values that could be identified with the SESF variables (e.g., High dependence (A8); Low value (RU4); Low socio-economic conditions (A2); Declining resources (RU5)), and could be empirically observed as leading to largely repeatable outcomes (i.e., Decreasing livelihood security (O1) and resource degradation (O2)). Thus, a social-ecological trap could be an example of an archetype of interactions that is part of a general SES theory using the frameworks variables. Use of the "Interactions (I)" variables in this way would alter the original aim of the framework beyond collective action theories (particularly beyond the IAD framework) to general SES theories, but may enhance their usefulness as variables and make this aspect of the framework more generally applicable to diverse cases.
The most important interactions shaping SES outcomes (not referring to the Interactions (I) variables, but general system interactions to be analyzed) may be among variables between tiers rather than within tiers of the framework. Expanding empirical analysis toward building SES theory that accounts for interacting variables across tiers can make progress toward redefining what a resource "system" or governance "system" comprises, beyond existing discursive or disciplinary conceptualizations. If interactions between variables are a primary defining characteristic for the degree to which variables are considered part of a system, the discourse on such systems will necessarily shift toward bundles or typologies of interacting variables, as well as how "interactions" in the SESF are viewed as an analytical tool for building SES theory.
Applying the social-ecological systems framework: methodological gaps and challenges There are no general methods, guidelines, or procedures for applying the SESF, although numerous articles have provided conceptual guidance (e.g., Hinkel et al. 2015 , Partelow 2016 and case examples. However, there is lack of reflection between the different papers that make explicit suggestions regarding the benefits and challenges of different methods. There is no right or wrong way to apply the framework. The variables can be defined, modified, and measured, as needed, in different contexts (Ostrom 2007 (Ostrom , 2009 ). However, this has led to substantial heterogeneity in how the framework's variables are applied, relating to definitions, indicators for measurement, and modifications. Furthermore, multiple data collection and analysis methods are often used. The discussion below highlights the lessons and reflections learned across the literature and from experience applying the framework. Numerous "methodological gaps" are described below that may be useful to consider. These gaps are not unique to the framework, they relate to general scientific methodologies more broadly, but are explicitly applicable and relevant for applying the SESF.
Variable definition gap
Many variables are not well defined and/ or can have multiple meanings or interpretations when viewed in different contexts. If common definitions of variables and concepts are not used across cases, additional layers of abstraction will hinder the ability for synthesis and comparison. However, there is a trade-off here between specificity and generalizability, as it is often necessary to define variables differently across contexts. For example, the concept of social capital (A6) is not well defined and can vary in meaning across contexts. Social capital may refer to the structure, connectedness, and types of exchanges in a social network (Pretty 2003 , Borgatti et al. 2009 ), or it may refer to degrees of trust, reciprocity, and prosocial or antisocial behavior in a group (Gutiérrez et al. 2011 , Basurto et al. 2016 . Definitions can dictate what will be measured and the theoretical conclusions drawn from that data about the role of that variable in a system. Many other variables in the framework create similar challenges because they are defined and measured differently, compromising the ability for comparison if definitions are not transparent to readers or those conducting synthesis research.
The variable-to-indicator gap
The variable-indicator gap refers to which indicators are selected to empirically measure or code variables. Many variables are broad concepts that are not directly measurable or easily defined, such as socioeconomic attributes (A2), norms, trust and social capital (A6), resource unit value (RU4), equilibrium properties (RS6), predictability of system dynamics (RS7), and outcomes (O1; O2; O3). Context-specific indicators are often needed to measure these variables, or at least to understand a variable in context. Two studies may examine the same variable with the same definition, but they may select different indicators to measure them. This creates a degree of abstraction for comparative research. For example, indicators to measure actor location (A4) could be the distance between the home of an actor to the place where they access the resource system (RS) or resource units (RU), or, it could be the distance from the home to other actors or community meeting places where collective decisions are taken.
The measurement gap
The measurement gap refers to how variables or indicators are actually measured or coded. It is evident that two studies can examine the same variable, use a common definition and indicator, but still measure the variable in a different way. For example, economic value (RU4) may be defined as the market value of the resource unit, and both studies use the indicator of price per kilogram. One study may employ qualitative methods, asking individual actors (e.g., fishers) to recall the prices they received on the market over the last month by asking the fisher to explain variability and how prices are negotiated. A second study may collect quantitative data on fish sales from fish markets to establish price averages over the last 6 months. The studies may draw different conclusions on the economic value of the resource and the role that market variability has on system dynamics. 
Data transformation gap
CONCLUSION
Future research with the social-ecological systems framework Much of the above discussion provides insights into future research considerations given the trends in the literature. However, a few explicit points can act as a more general set of concluding remarks for future research related to the framework's general aims. Ostrom (2007 Ostrom ( , 2009 argued that the SESF could provide numerous benefits for scholars, including (1) a general framework that could be adapted and applied to diverse cases, (2) a core set of variables and a common language to better enable comparison and communication, as well as (3) a diagnostic tool, potentially enabling new theories to be developed through analysis of interlinkages between variables and outcomes. Each is briefly discussed below as to how future research may be able to make progress toward achieving them.
(1) A general but adaptable framework The framework can be tailored to context by modifying the definitions of variables, indicators to measure them, data collection, and analysis methods. As a result, the framework can be, and has been, applied to a wide variety of cases. This is arguably its strong point. However, it is also clear from this study that applying the framework has led to many suggested modifications to variables. Some articles suggest more generalizable modifications (McGinnis and Ostrom 2014), some for use in specific sectors (Table 5 ). It appears that the general framework will evolve, but specific frameworks will also evolve for use in specific sectors (e.g., small-scale fisheries, forestry, and irrigation). Following the guidelines in the "methodological gaps" discussion section and those provided by Frey and Cox (2015) , future research can find useful recommendations for addressing some of the challenges stemming from a lack of cohesion in how the framework is adapted and modified for use in diverse cases (i.e., data comparability) while maintaining the ambition to continue advancing a general framework.
Figure 3 conceptualizes this potential future research process. An intermediary step may be the development of sector-specific frameworks (e.g., for fisheries, irrigation, forestry) that can help bridge the gap between diverse but related case studies and a general framework. Sector-specific frameworks, which would add, develop, and define new or existing variables of the framework within the scope of a sector (e.g., small-scale fisheries), could contribute to evolving a general framework after modifications are empirically assessed for their degree of generalizability. Methodological transparency is essential for future research addressing the "methodological gaps" and attempting to adhere to the suggested guidelines for variable modifications. Sectorspecific frameworks could help avoid confusion between the many diverse studies that apply the framework and allow more robust comparison between similar cases before attempting more abstract comparisons between cases where the social and ecological conditions may be less similar. Degrees of generalizability could be assessed between similar cases within sectors before abstracting their potential generalizability to the general framework. Overlapping commonalities could then more robustly inform a general framework (which would remain the pillar for collective action theory across contexts). Additional theory (beyond collective action) could include the development of interacting bundles, typologies, or archetypes of social-ecological interactions discussed above that lead to empirically identifiable and patterned outcomes across cases using the framework's variables as theoretical building blocks; this is discussed further below.
(2) Enabling comparison
The literature applying the SESF is heterogeneous, and it is unclear the extent to which the empirical data can be compared across cases in a meaningful way without substantial recoding, transforming, or simplifying heterogeneous data. A key step for future research will be increased methodological transparency in the use of research design for primary data collection and the use of secondary data by considering the "methodological gaps" discussed above. Without general but clear guidelines, a metaanalysis of empirical case studies would currently be a monumental effort to overcome methodological blind spots and integrate data, and with current SESF studies, provide largely unreliable data given the high degrees of heterogeneity in data Ecology and Society 23(4): 36 https://www.ecologyandsociety.org/vol23/iss4/art36/ collection methods, context, and system scales examined in the literature. A few studies have been successful with large comparative studies, but they have largely relied on highly systematized primary data collection on common variables controlled by the authors e.g., (Cinner et al. 2012 , Leslie et al. 2015 or substantial secondary data mining and coding efforts e.g., (Gutiérrez et al. 2011 , Oberlack et al. 2016 , Rahimi et al. 2016 . Either way, successful comparative studies are made easier when the data available were collected with the intention to be compared. However, many individual case studies are not designed to be compared with other cases within or between sectors, and efforts to do so without methodological transparency would likely draw highly abstracted conclusions about the empirical studies being examined.
Databases are a promising way forward for enabling comparison, where the authors of individual studies format their data themselves into shared digital repositories. This eliminates data abstraction barriers by nonauthors but also requires incentives for authors to contribute to common databases, which is a provision of the public goods collective action dilemma itself. Many of the databases presented in Table 2 are attempting to facilitate this, but their success requires largely voluntary contributions, which are encouraged by those facilitating them and recommended for scholars using the framework to engage with.
(3) A diagnostic tool for theory building
The SESF is not a theory-neutral tool. Historically, the inclusion criteria for variables were based on their influence on collective action in small-scale CPR systems. However, the generalizability of these variables seems to be broad in scope, with numerous studies using the variables to generally characterize SES or to develop other closely related theory on natural resource governance (Cox et al. 2016) . It is evident that the framework's variables provide a template for expanding commons research and asking new theoretical questions about social-ecological interactions and outcomes. This has not yet been fully explored in the literature, and it remains unclear, although still promising, that the SESF can aid the process of theory development for general SES research. Perhaps future research can further explore further uses for the framework, particularly its potential to contribute to building general theories of social-ecological interactions by identifying typologies or archetypes of social-ecological interactions (Alessa et al. 2009 , Oberlack et al. 2016 , Partelow et al. 2018a . Integrating the framework with other conceptual and theoretical frameworks may expand its usefulness for contributing to other theories and frameworks in associated fields such as ecosystem services, sustainability science, the Coupled Infrastructure Systems framework, and resilience theory (Binder et al. 2013 , Partelow 2016 , Partelow and Winkler 2016 . This would somewhat remove the theoretical history with collective action theory in parts of the literature engaging with the framework. However, there is also recognition that collective action theory is nested within broader concepts of SES and sustainability, both of which are likely to evolve. 
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